~," Intracranial aneurysm surgery performed between 4 and 12 days after subarachnoid hemorrhage (SAH) has been associated with an increased risk of delayed cerebral ischemia and poor outcome compared to surgery performed before or after this time. To investigate whether this increased risk is due to aggravation of vasospasm, the angiograms obtained before and after surgery in 56 patients operated on at various times after aneurysmal SAH were studied. Vasospasm was quantitated by measuring the diameters of intracranial arteries and expressed as the ratio of the diameters of the intracranial arteries to the diameter of the extracranial internal carotid artery. Aggressive surgical clot removal was not performed at surgery. To correct for differences in prognostic factors for vasospasm between patients operated on at different times after SAH, multiple regression analysis was performed using the arterial diameter ratio during vasospasm as the dependent variable and the prognostic factors for vasospasm, including the time of surgery, as independent variables. Equations predicting the severity of vasospasm could be generated using the clinical grade on admission, patient age, and preoperative arterial diameter ratio.
C
URRENT management of aneurysmal subarachnoid hemorrhage (SAH) favors early surgery for aneurysm clipping when patients present within 3 days after SAIl, although firm scientific data are not available to support this practice. 7,19,28,34,3~,37 The timing of surgery for patients presenting from 4 to 12 days after SAH, during the period of risk for vasospasm, is perhaps more controversial. There are reports that delayed cerebral ischemia and poor outcome may occur more frequently when patients undergo surgery 4 te 12 days after SAn. 18, 19, 27, 29 This might be because vasospasm is precipitated or aggravated by surgical dissection and manipulation of cerebral arteries that are already irritated by subarachnoid bloodJ ~ Alternative explanations are that retraction of brain with compromised cerebral blood flow (CBF) and autoregulation, blood pressure and cardiovascular fluctuations, or other unidentified factors account for the increased risk of ischemia when surgery is performed during vasospasm. 1~ Although studies have examined the rate of cerebral infarction attributable to vasospasm in relation to timing of surgery, a quantitative study of the effect of timing of surgery on vasospasm in humans has not been performed.
In order to test the hypothesis that surgery performed between 4 and 12 days post-SAH worsens vasospasm, cerebral arterial diameters were measured on angiograms from 56 patients with aneurysmal SAH. Analysis by stepwise multiple regression was carried out to see if time of surgery after SAH was a factor that predicted the severity of vasospasm. A secondary analysis was carried out to determine the effect of timing of surgery on the incidence of delayed cerebral ischemia and overall outcome after aneurysmal SAH.
Clinical Material and Methods

Patient Population
Seventy-eight patients with intracranial aneurysms were managed consecutively between July, 1988, and December, 1991. Complete three-or four-vessel angiography was performed preoperatively in all patients, and the protocol demanded an angiogram after surgery in all patients undergoing aneurysm clipping. Aneurysm surgery was performed as soon as possible after the patient was admitted to the hospital, regardless of the time elapsed since SAH. During surgery, blood clots in the area of dissection were suctioned away but more extensive removal of subarachnoid blood was not performed. All patients were treated with nimodipine and prophylactic hypervolemia (3 liters of intravenous fluid per day). All available angiograms, computerized tomography (CT) scans, hospital and outpatient medical records, and an aneurysm database created and maintained by the senior author (M.C.W.) were reviewed. Four patients were excluded from the study because of a history suggesting multiple recent hemorrhages. Other reasons for exclusion were clinical presentation with symptoms other than SAH (13 cases), insufficient or poor-quality radiographs (four cases), and administration of tissue plasminogen activator at the time of surgery for aneurysm clipping (one case). The 56 remaining patients had arterial diameter measurements taken from 108 angiograms, including those obtained after 187 carotid artery injections. Measurements obtained from an additional 18 angiograrns (after 32 carotid artery injections) from 12 aneurysm patients presenting with focal neurological deficit or seizures were used to establish a baseline value for the diameters of intracranial arteries in patients with aneurysms.
Clinical and Radiographic Assessments
The day of SAH was defined as Day 0. Patients were graded clinically on the day of admission using the World Federation of Neurological Surgeons grading system. 9 The amount of subarachnoid blood on admission CT scans was graded according to the scale of Fisher, et aU~ Computerized tomography was performed postoperatively in 48 patients, including all cases with neurological deterioration from the preoperative condition. No postoperative CT scan was obtained in seven patients with a good preoperative grade who remained in perfect neurological condition following surgery and in one patient who suffered major intraoperative aneurysm rupture with uncontrolled hemorrhage and died shortly after surgery.
Cerebral infarction was defined by the development of a focal neurological deficit, a decrease in the level of consciousness, or both, accompanied by persistent hypodensity on CT scans or by the appearance of perslstent hypodensity on postoperative CT scans without obvious clinical deficit. 33 Infarction was attributed to surgical complications such as perforator injury or major vessel occlusion if the hypodensity on a CT scan was in the territory of the perforating vessels or if a postoperative angiogram showed a major vessel occlu- sion supplying the infarcted territory seen on the CT scan. Infarction was considered due to vasospasm if the patient developed a focal neurological deficit or deterioration in the level of consciousness between 4 and 12 days after SAH, if the deterioration was accompanied by persistent hypodensity on CT scans and angiographic evidence of vasospasm, and if no other cause for the deficit was found. Infarction due to vasospasm was not diagnosed when a delayed neurological deficit occurred but was reversed by hypertensive hypervolemic therapy and a persistent hypodensity did not appear on CT scans. Outcome was assessed according to the Glasgow Outcome Scale '6 at 3 to 6 months post-SAH.
Quantitation of Vasospasm
Vasospasm was quantitated by measuring arterial diameters on the anteroposterior and lateral projections of internal carotid angiograms. Arterial diameters were measured at eight predetermined points in the anterior circulation, as established by Gabrielsen and Greitz, 12 using a Zeiss MOP-3 image analyzer accurate to 0.1 mm. Magnification was corrected for by calculating the ratio of the intracranial arterial diameters to the diameter of the extraeranial internal carotid artery, as described by Weir, et al. 36 (Fig. 1) . The ratio for normal subjects, as derived from the data of Gabrielsen and Greitz, is 2.09:1.
Statistical Analysis
In order to test the hypothesis that surgery performed between 4 and 12 days after SAH worsens vasospasm, stepwise multiple regression analysis was carried out using the severity of vasospasm (judged by the ratio described above) as the dependent variable and using factors that may predict vasospasm as independent :~ Fisher grading system of subarachnoid blood on admission CT. n variables, including preoperative angiographic arterial diameter ratio, patient age, clinical grade, Fisher CT grade of subarachnoid blood, and number of days from SAH to hospital admission, to preoperative angiography, to surgery, and to postoperative angiography. At each stage of the regression analysis, F-tests were used to compare two nested models. Following generation of the regression equation, the Wilks test for normality and a normal probability plot were performed to ensure that assumptions implicit in the analysis had not been violated. The assumption of independence and equality of variances was also tested by examining plots of residuals against fitted values. Logistic regression analysis was used to determine which of the above independent variables predicted a good outcome (good recovery or moderate disability) or a bad outcome (severe disability, vegetative state, or dead), t6 Intergroup comparisons for assessment of outcome and rate of infarction due to vasospasm were performed using Fisher's exact test and analysis of variance where appropriate. All values are expressed as mean _+ standard deviation. Statistical significance was considered at a p value of less than 0.05.
R e s u l t s
Severity of Vasospasm Table 1 shows the mean patient age, day of admission after SAH, and clinical and CT grades on admission correlated to the time of surgery. Patients undergoing surgery 4 or more days after SAIl tended to be in better clinical condition, to have less subarachnoid blood on admission CT scans, and to be admitted later after SAH than patients operated on within 3 days of SAH. A comparison of the severity of vasospasm between these groups, as assessed by measurements on FIG. 2. Bar graph showing vessel ratio (intracranial to extracranial cerebral artery diameters) on angiograms in patients without subaraehnoid hemorrhage (SAH) and on angiograms obtained between 4 and 12 days after SAH and grouped according to the time of surgery, whether within 3 days of SAIl, 4 to 12 days after SAH, or 13 or more days post-SAH. There is a trend toward a larger vessel ratio (that is, less vasospasm) as the time interval from SAIl to surgery increases (p > 0.05, analysis of variance), n = number of patients. Vertical bars = mean ---standard deviation.
angiograms obtained between 4 and 12 days post-SAH, shows a trend toward a larger vessel ratio and therefore less vasospasm as the time interval from SAH increases (Fig. 2 , nol statistically significant, analysis of variance). Since patients were generally operated on shortly after hospital admission, the reason for delayed surgery was late admission. Therefore, it is not surprising that patients in the 4-to 12-day surgery group have less severe vasospasm since they have more favorable prognostic factors for vasospasm.
Multiple Regression Analysis
Stepwise multiple regression analysis generated equations using the preoperative vessel diameter ratio, patient age, and the clinical grade on admission to predict the vessel ratio (that is, the degree of vasospasm) between 4 and 12 days after SAH. The Fisher CT grade of subarachnoid blood did not contribute significantly due to its strong relationship to the clinical grade. The day of admission to the hospital contributed significantly to explaining the degree of vasospasm, although it was not of additional independent value to add to the regression equations. The time of surgery did not contribute significantly to the degree of vasospasm. The final model derived ( Table 2) explains 67% of the variance in the degree of vasospasm on angiograms obtained 4 to 12 days after SAH.
Overall Outcome and Incidence of Delayed Cerebral Ischemia
Logistic regression showed that the only variable predicting outcome was clinical grade on admission, although this was not statistically significant. There were also no significant differences in outcome (p = (Table 3) .
Discussion
Effect of Surgery on Vasospasm
Sundt 2s and others ],~'m have stated that surgery unquestionably aggravates vasospasm and contributes to poor outcome when performed bem'een 4 and 12 days after SAH. In the International Cooperative Study on the Timing of Aneurysm Surgery, ls,tg,31 of 3521 patients admitted within 3 days of aneurysm rupture and operated on at various times after SAH, the incidence of focal ischemic deficit due to vasospasm was highest when surgery was performed 4 to 10 days after SAH. The time of surgery was not randomly allocated and patients operated on at different times differed in factors that might affect vasospasm.19,31 The increased risk of focal ischemia persisted, however, when logistic regression was used to correct for differences in factors affecting vasospasm. 31 Focal ischemia was defined by clinical criteria and angiography to confirm that the diagnosis was carried out in 48% of cases. It should be noted that the International Cooperative Study was carried out prior to the use of nimodipine, that 44% of patients received antifibrinolytic agents, and that hypervolemia was used in only 22% of cases. The present study, using clinical criteria and a quantitative assessment of angiographic vasosp..asm, did not confirm the earlier findings. 1-~,t422.25-27 Ohman and Heiskanen 22 randomly assigned 216 patients admitted within 72 hours of aneurysmal SAH to undergo surgery 0 to 3, 4 to 7, or 8 or more days after ictus.There were no significant differences between groups in prognostic factors for outcome or for development of vasospasm. Vasospasm, diagnosed by clinical criteria and qualitative assessment on angiography, caused permanent neurological deficit in 25 % of patients operated on between Days 0 and 3, 17% between Days 4 and 7, and 24% after Day 8. Despite the lack of effect on vasospasm, there was an increased risk of bad outcome when surgery was performed 4 or more days after SAH. A previous experimental study also found no significant effect of L. Macdonald, M. C. Wallace, and T. J. Coyne surgery on vasospasm as assessed by measurement of arterial diameters. 1~ It could be argued that, since surgery appears to have little effect on vasospasm, management of vasospasm with hypervolemia, administration of nimodipine, and avoidance of antifibrinolytic agents prevents the increased risk of infarction when surgery is performed during vasospasm. 27 Poor outcome with delayed surgery becomes a function of the rate of rebleeding.
Timing of Surgery and Outcome
Studies reporting outcome and rates of clinical vasospasm in relation to timing.of surgery are presented in Table 4 . In the study of Ohman and Heiskanen, 2z the time of surgery was randomly allocated; in all others, surgery was delayed due to the pattern of practice, a delay in the admission of the patient to the hospital, or unstated reasons, which results in a difference in the prognostic factors for outcome between the patients operated on at different times. 8,1~-z~ One interpretation of these studies is that, when patients operated on at different times are matched for known prognostic factors for outcome and for vasospasm, then management mortality will be lower with early surgery. 62,2z 35,37 Cerebral ischemia and infarction will develop independent of when surgery is performed, although increased rates may be observed in earlier series in which hypovolemic patients underwent surgery during vasospasm, and were often subjected to induced hypotension. When surgery is delayed because of late admission to the hospital, a policy of delayed surgery, or unstated reasons, then the advantage of early surgery will be decreased or lost due to more favorable prognostic factors in the late-surgery groups. [2] [3] [4] [5] 27 Vasospasm-related deficits may then develop more commonly in patients operated on within 3 days of SAH. 5,25 Furthermore, presenting the results as surgical morbidity and mortality rather than management morbidity and mortality will also favor late surgery.3.4,7. 25
Potential Causes of Cerebral Infarction With Surgery 4 to 12 Days Post-SAH
If there is no effect of surgery on angiographic vasospasm, as suggested by the present study and pre- vious animal studies, why might surgery performed between 4 and 12 days after SAH be associated with an increased risk of cerebral infarction? Subarachnoid hemorrhage results in decreased CBF, which may decrease further during vasospasm. 34 Autoregulation and reactivity of arteries to CO2 may be impaired/TM This may render the swollen, tight brain more sensitive to retraction and to fluctuations in blood pressure and cardiac output that may occur inadvertently during anesthesia or be purposely induced. Surgical complications, such as inlraoperative aneurysm rupture, perforator injury, and major artery occlusion, were equally common in patients operated on at different times after SAH and therefore may not contribute. 32 Cerebral blood flow studies have shown that, in patients with midline aneurysms and symmetrical SAH on CT scans, blood flow is significantly lower postoperatively on the side of surgery, and cerebral infarction is more likely to occur. 2~176 Others, however, have reported that, with aggressive pre-, intra-, and postoperative treatment with hypervolemia and hypertension, CBF can be elevated postoperatively, effectively preventing cerebral infarction.2~ .23,27
Vasospasm and Patient Age
Inagawa 15 compared patients with aneurysmal SAH who were under 59 years of age to those over 60 years and found that the rates of angiographic and symptomatic vasospasm were not significantly different; in his study, angiographic vasospasm was assessed qualitatively. We found that older patients developed less angiographic vasospasm; other investigators have confirmed this finding, which might be due to atherosclerosis and hardening of the arterial wall in elderly patients. 24
Conclusions
Vasospasm develops 4 to 12 days after SAH in relation to the clinical grade, patient age, and preoperative artery size. Surgery does not affect the development of vasospasm. Therefore, it seems reasonable not to delay surgery on the basis that vasospasm might be aggravated when patients present in good condition with angiographic vasospasm 4 to 12 days after SAH.
